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INRA (TVCV), GUS expression was recovered in all the plants
infected with any of the four viruses, whereas mock-78026 Versailles Cedex
France infected plants remained silenced (Table 1), indicating
that these viruses are able to inhibit both S-PTGS and2 CSIRO Plant Industry
Canberra, ACT IR-PTGS, thus reinforcing the similarities between both
mechanisms.Australia
IR-PTGS and Methylation of a GUS TransgeneSummary
Occurs Efficiently in sgs2, sgs3,
and ago1 MutantsIn plants, RNA silencing can be induced by highly tran-
The sgs2, sgs3, and ago1 mutations were recoveredscribed sense transgenes (S-PTGS) [1, 2] or by trans-
after mutagenesis followed by a screen based on thegene loci producing double-stranded RNA (dsRNA)
reactivation of the PTG-Silenced sense 35S-GUS trans-due to the presence of inverted repeats (IR-PTGS) [3,
gene at the L1 locus [8, 11, 13, 14]. These three mutations4, 5, 6]. Both phenomena correlate with accumulation
not only suppress GUS S-PTGS but also also impairof 21-25 nt sense and anti-sense RNA homologous to
cosuppression of the nitrate reductase gene and leadthe silent gene [7] and with methylation of the coding
to hypersusceptibility toward CMV infection [8, 11, 13],sequence [3, 4, 6, 8]. We have challenged IR-PTGS
indicating that SGS2/SDE1, SGS3, and AGO1 geneswith four viruses known to inhibit S-PTGS: CMV, TuMV,
control S-PTGS of (trans)genes and CMV tolerance. ToTVCV, and TCV ([9, 10, 11] this work) and in sgs2, sgs3,
investigate whether these genes also control IR-PTGS,and ago1 mutants impaired in S-PTGS [8, 11, 12, 13,
the transgenic line 6b4 and the sgs2-1, sgs3-1, and14]. Surprisingly, whereas the four viruses inhibit IR-
ago1-27 mutants carrying the L1 locus were transformedPTGS, IR-PTGS and methylation of a GUS trangene
with the GUS-SUG panhandle construct [4]. Efficientand IR-PTGS of three endogeneous genes occur in
silencing was observed in line 6b4 and in the three mu-the sgs2, sgs3, and ago1 mutations. Based on these
tants (Figure 1). Indeed, the percentage of transformantsresults, we propose a branched pathway for RNA si-
showing more than 99% reduction of GUS activitylencing in plants. RNA silencing would occur via the
ranged between 50% and 71% in the four genetic back-action of dsRNA produced either via the action of SGS2
grounds, while most of the remaining population showed(also known as SDE1), SGS3, and AGO1 on the S-PTGS
between 50% and 99% reduction. Less than 4% ofbranch or by transgenes arranged as inverted repeats
transformants showed no sign of silencing, probablyon the IR-PTGS branch. Moreover, transgene methyla-
because of incomplete or nonfunctional T-DNA integra-tion would result from production or action of dsRNA,
tion The analysis of the progeny of the silenced trans-since it does not require SGS2/SDE1, SGS3, and AGO1.
formants revealed a mendelian segregation of [GUS]/
[GUS] plants, indicating that silencing was fully revers-
Results and Discussion ible after elimination of the panhandle construct (data
not shown).
IR-PTGS of a GUS Transgene Is Inhibited We further investigated whether SGS2/SDE1, SGS3,
by Virus Infection and AGO1 genes are required for methylation of the
Mutations in the SGS2/SDE1, SGS3, and AGO1 genes GUS coding sequence induced by S-PTGS and IR-PTGS
controlling S-PTGS result in CMV hypersensitivity, indi- [3, 4, 6, 8]. Genomic DNA was digested with the methyla-
cating that PTGS is a mechanism of resistance against tion-sensitive enzyme HpaII and hybridized with a probe
viruses [10]. However, numerous viruses, including po- specific to the GUS target transgene and which does not
tyviruses, cucumoviruses, and tobamoviruses, are able share homology with the panhandle construct (Figure
to counteract these defenses by inhibiting this type of 2). GUS coding sequence contains seven HpaII sites,
PTGS [9, 10, 15]. In addition, recently, it was shown that including one in the region covered by the probe. In the
potyviruses also inhibit IR-PTGS in a transient system sgs2, sgs3, and ago1 mutants (lanes 2, 3, and 4), the
[4]. To further investigate the ability of viruses to counter- 35S-GUS carried at the L1 locus is not silenced, and
act both S-PTGS and IR-PTGS, we infected hybrids be- the probe reveals two bands of 70 and 230 bp which
tween the Arabidopsis transgenic line 306-1 carrying a are indicative of the absence of methylation in the GUS
panhandle GUS-SUG transgene shown to be a very coding sequence. In the silenced line L1 (lane 1) and in
efficient silencer of GUS [16] and the transgenic lines mutants retransformed with the GUS-SUG panhandle
6b4 and 526-3 stably expressing a 35S-GUS sense GUS construct (lanes 5, 6, 7, and 8), HpaII sites in or sur-
transgene (see Experimental Procedures). rounding the region covered by the probe are methyl-
ated in all or part of the plant, and the probe reveals
bands equal or larger than 300 bp (Figure 2 and data3 Correspondence: beclin@versailles.inra.fr
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Table 1. Inhibition of GUS IR-PTGS by Viruses
X WT X 306-1GUS Expressing Line
Mock Mock TCV TVCV TuMV CMV
6b4 1924 0 1130 418 320 55
526-3 848 0 1050 645 325 ND
Silent hybrids obtained by crossing lines 6b4 and 526-3 stably expressing a 35S-GUS transgene to line 306-1 carrying a GUS-SUG panhandle
construct were infected with TCV, TVCV, TuMV, and CMV. GUS activity was determined at the same developmental stage in young leaves of
the mock-inoculated plants and in symptomatic leaves of the infected plants.
not shown). The methylation pattern was similar in the served in the wild-type plants and in the three mutants,
resulting in included sterile flowers (AG), flowers withoutself-progeny of mutants retransformed with the GUS-
SUG panhandle construct and in isogenic progenies petals (AP1), or enlarged meristems and extra carpels
(CLV3). Silencing was observed with high frequency inobtained by backcrossing to line L1 (thus annulating the
effect of the recessive sgs2, sgs3, and ago1 mutations) each genetic background (see the Supplementary Mate-
rial available with this article online). This result shows(data not shown). This result confirms that IR-PTGS me-
diated by a panhandle transgene correlates with an in- that neither IR-PTGS of GUS nor IR-PTGS of AG, AP1,
or CLV3 genes require the SGS2/SDE1, SGS3, and AGO1crease in methylation and shows that the SGS2/SDE1,
SGS3, and AGO1 genes are dispensable for such silenc- genes. Although we cannot exclude the hypothesis that
the AG, AP1, and CLV3 genes are expressed in cellularing-mediated methylation.
regions where the SGS2/SDE1, SGS3, and AGO1 are
not expressed, the fact that SGS2/SDE1, SGS3, andThe SGS2/SDE1, SGS3, and AGO1 Genes Are
Not Required for IR-PTGS of Endogenous AGO1 genes are dispensable for IR-PTGS of transgenes
AG, AP1, and CLV3 Genes
To confirm that the mechanism of IR-PTGS is not con-
trolled by SGS2/SDE1, SGS3, and AGO1 genes, we
transformed wild-type plants and sgs2-1, sgs3-1, and
ago1-27 mutants with panhandle constructs shown to
be able to silence the endogenous AG, AP1, and CLV3
genes involved in flower development [5]. None of the
three mutations was able to inhibit IR-PTGS. Indeed,
similar homeotic alterations of flower organs were ob-
Figure 2. IR-PTGS-Mediated Methylation Occurs in the sgs2-1,
sgs3-1, and ago1-27 Mutants
Genomic DNA was extracted from the silenced line L1 (lane1); from
the sgs2-1, sgs3-1, and ago1-27 mutants stably expressing the L1
Figure 1. IR-PTGS Occurs in the sgs2-1, sgs3-1, and ago1-27 Mu- locus (lanes 2, 3, 4); and from four silenced mutants transformed
tants with the GUS-SUG panhandle construct sgs2-1 #1, sgs3-1 #11,
sgs3-1 #12, and ago1-27 #4 (lanes 5, 6, 7, 8). Genomic DNA wasThe transgenic line 6b4 and the sgs2-1, sgs3-1, and ago1-27 mu-
tants stably expressing GUS were transformed with the GUS-SUG digested with the methylation-sensitive enzyme HpaII and hybrid-
ized with the 231 bp EcoRV GUS fragment which is absent from thepanhandle construct. The percentage of transformants showing
more than 99% (black), between 50% and 99% (gray), or less than GUS-SUG panhandle construct. The seven HpaII sites in the GUS
coding sequence are indicated by a black star.50% (white) of reduction of GUS activity are presented.
Current Biology
686
ducer of these steps are dsRNA molecules which are
cleaved by the DICER enzyme into small RNAs (called
siRNAs) [25]. These siRNAs then target the enzymatic
degradation complex RISC to the mRNA to be degraded
[26]. Since RNA silencing in plants and animals leads
to the accumulation of siRNAs, we suppose that the
steps shared by all these phenomena and targeted by
the viruses in plants are similar to the final steps of
RNA degradation described in Drosophila. Moreover,
considering its role in the induction of these final steps,
it appears that the formation of dsRNA is probably in-
volved also in S-PTGS mediated by a sense construct.
In this case, dsRNA would be a branch point between
S-PTGS and IR-PTGS pathways (Figure 3). This model
of two alternative branches in the induction of PTGS,
both leading to the formation of dsRNA, is consistent
with the model previously developed distinguishing two
branches: the “VIGS branch,” where the dsRNA is pro-
duced by virus replication in an SDE1/SGS2- and SDE3-
independent manner, and the “transgene branch,”
Figure 3. A Model for the Branched Pathway of RNA Silencing in where dsRNA is produced by the transcript transgene
Plants
replication by SDE1/SGS2 [27, 28]. Our results indicate
dsRNA is the branch point between S-PTGS by sense transgenes,
that, like SGS2/SDE1 and SDE3, SGS3 and AGO1 areIR-PTGS, and VIGS. dsRNA-mediated degradation of the target
also involved in the early steps of S-PTGS. AssumingmRNA involves the formation of small interfering RNAs (siRNAs) and
that SGS2/SDE1 and AGO1 have functions similar toinvolves the plant homologs of the Drosophila DICER and RISC
enzymes. AGO1, SGS2/SDE1, SGS3, and SDE3 proteins are dis- EGO1 and RRF1 putative RdRPs and to RDE1, respec-
pensable for IR-PTGS and/or VIGS. tively, one of the functions assumed by SGS2/SDE1 and
AGO1 could be the transition from a localized induction
to a continuous production of dsRNA in all the organism.
In this case, the function of these molecules could be
and endogenous genes strongly reinforces the assump- the “amplification” of dsRNA, probably by replicating
tion that the genetic requirements for S-PTGS and IR- complementary single-stranded RNA using siRNA as
PTGS are different, a result which is reminiscent of the primers, as it has been shown to occur in C. elegans
observation that VIGS also occur in the sde1 mutant [12]. and Drosophila [20, 21]. SGS3 has no clear signature or
IR-PTGS mediated by constructs designed to tran-
motif, except a coiled-coil domain in its C terminus that
scribe duplex of RNA is also sometimes referred to as
could suggest interactions with another protein involved
RNAi, by analogy with the phenomenon leading to RNA
in S-PTGS [11]. Nevertheless, since SGS3 is also dis-
silencing in animals by injection of dsRNA [17]. However,
pensable for IR-PTGS induced by panhandle trans-SGS2/SDE1 and AGO1 are not required for IR-PTGS,
genes, this protein would be involved with SGS2/SDE1although similar proteins (EGO1, RRF1, and RDE1) are
and AGO1 in the formation and/or replication of dsRNA.required for RNAi in C. elegans [18, 19, 20]. Similarly,
We have shown previously that PTGS of a sense trans-RNAi in Drosophila involves an RdRP [21]. This could
gene is associated with the methylation of the tran-indicate that these related proteins, indeed, part of
scribed region and that the inhibition of S-PTGS in themultigene families, do not have the same function in
sgs2, sgs3, or ago1 mutant backgrounds was associ-plants and in worms or flies and that different members
ated with a strong reduction of cytosine methylation [8,of these gene families are involved at different steps in
11, 13]. Here we show that IR-PTGS mediated by aPTGS and RNAi. Consistent with this hypothesis is the
panhandle construct in these mutant backgrounds isfinding that the AGO2 protein from Drosophila is a com-
also associated with methylation in the transcribed se-ponent of the RNA degradation complex [22] involved
quence of the target transgene. These results demon-in the final steps of RNAi, whereas the related proteins
strate that methylation does not result from the directRDE1 and AGO1 are dispensable for the mRNA degrada-
action of SGS2/SDE1, SGS3, or AGO1 genes. Rather,tion process of RNAi and for IR-PTGS, respectively ([23]
methylation is probably induced by a component down-and this work). Alternatively, this could indicate differ-
stream of the branch point of S-PTGS and IR-PTGSences in the mechanism of RNA silencing, depending
pathways, i.e., dsRNA or siRNAs. However, it was shownon whether dsRNA is produced continuously by a trans-
that the inhibition of PTGS by the potyvirus protein HC-gene at a high level in each cell (IR-PTGS) or is injected
Pro suppresses the accumulation of siRNAs but doeslocally and at a given time (RNAi).
not affect methylation, suggesting that these siRNA areConsidering all these results, we propose the hypoth-
not required for methylation [29]. Thus, methylationesis that plant S-PTGS, plant IR-PTGS, and animal RNAi
could be triggered by dsRNA, a hypothesis which is inare not equivalent mechanisms but are related and share
accordance to the fact that nuclear dsRNA are able tocommon steps (Figure 3). The final steps of RNAi leading
trigger methylation to homologous sequences of theto the degradation of the target RNA have been dis-
sected in an in vitro system in Drosophila [24]. The in- genomic DNA [30].
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